Introduction
A polymer brush is an assembly of polymer chains that are attached by one end to a surface, leaving the other end extending into a liquid. The term is reserved for polymers attached at a sufficiently large areal density that the polymer chains are stretched relative to their normal random coil configuration, provided the liquid is a good solvent for the polymers. The term nanoparticulate polymer brush refers to a brush where chains are attached to a nanoscale core of some kind ( Figure 1 ). They can take the form of brush-grafted nanoparticles where polymer chains are covalently grafted from preexisting nanoparticles, 1,2 also referred to as "spherical brushes," 3 or of multiarm star polymers 4, 5 that have a large number of polymer chains emanating from a dense, polymer core that is usually cross-linked. They are closely related to molecular bottlebrushes, where a linear polymer backbone is heavily grafted with polymer sidechains.
Advances in controlled radical polymerization 6, 7 methods and novel strategies to produce hybrid nanoscale polymer architectures, such as chain grafting-from, 2 grafting-through, 8 and polymerization-induced self-assembly 9 have made it possible to synthesize nanoparticulate polymer brushes with compositions and architectures designed specifically as agents to control the structure and properties of complex fluids. Nanoparticulate polymer brushes can be highly efficient and stimulus-responsive emulsifiers and effective boundary lubrication agents. [10] [11] [12] [13] [14] [15] [16] [17] [18] They can also be effective foaming agents. 14, 19 Nanoparticulate polyelectrolyte brushes have been developed for stability and mobility at high temperature in brine for enhanced oil recovery applications. 20 This exploits strong electrosteric stabilizing forces imparted by polyelectrolyte brushes 21 to prevent aggregation and strong repulsions between anionic polyelectrolytes and negatively charged mineral surfaces that maintain anionic brush-grafted nanoparticle mobility in porous mineral media. 22, 23 Spherical polyelectrolyte brushes take advantage of the high protein binding capacity of polyelectrolyte brushes 24 to serve as protein carriers. 25 
A Complex Fluids Engineering Primer
At first glance, pharmaceutical liquids, paints, cosmetics, lubricants, agrochemical sprays, detergents, and food products may not seem to have much in common other than being large scale commercial products. These and many other consumer and industrial fluid products are in fact closely linked by the scientific principles and strategies by which their compositions are formulated and the manner in which they are processed to achieve some desired product performance. Each is produced using the tools and principles of complex fluids engineering. Complex fluids are ubiquitous in daily life. Not only are they the basis for the many products we use daily, but our human physiology relies on high performance complex fluids, including the blood that that sustains all of our cells, synovial fluids that lubricate our joints or pulmonary surfactant films that allow us to breathe. It is no exaggeration to say that complex fluids are truly ubiquitous in daily life.
Complex fluids engineering is based on three crucial concepts: the coupling of effects across multiple length scales, the critical role of interfaces, and the prominent role of persistent nonequilibrium states that can be especially profound at interfaces. Each of these concepts will be invoked when explaining the engineering usefulness of nanoparticulate polymer brushes, but first some effort should be devoted to defining what it means to be a complex fluid. This will make it more apparent why nanoparticulate polymer brushes are scientifically and technologically interesting.
The term "complex fluid" encompasses many systems, and its definition is a subject for academic discussion. A complex fluid is not quite the "opposite" of a simple liquid, a concept that itself inspires scientific discussion. A simple liquid can be described as one with no molecular correlations beyond the first coordination shell 26 or as a "nonassociated liquid." 27 In either of those senses, water is certainly not a simple liquid, but water does not qualify as a complex fluid as the term is currently used. Most complex fluids contain a readily identifiable continuous phase that envelopes a dispersed phase: consider solid polymeric colloids dispersed in water to make a latex paint or microscopic oil droplets dispersed in a continuous aqueous phase to make an oil-in-water emulsion. In their 1996 perspective on "The 'New' Science of 'Complex Fluids'", Gelbart and Ben-Shaul 28 offer the "presence of a mesoscopic length scale" as the definitive concept that unifies complex fluids. Meaning an "intermediate" length scale, a mesoscopic length scale is generally larger than the molecular size.
Hierarchies of length scales
The importance of a mesoscopic length scale links the key physical chemical characteristics of the many fluid systems recognized as complex fluids. These include colloidal suspensions, emulsions, gels, foams, and self-assembled supramolecular structures such as surfactant micelles, lipid bilayers, or microemulsions. Complex fluids often have more than one important mesoscopic length scale. A colloidal suspension is characterized by the nano-to micrometer size of the colloidal particles themselves, as well as the O (1-100 nm) length scales characteristic of the long-range forces between the surfaces of the particles. These control the stability and rheology of the suspension.
The length scales that characterize the forces acting between dispersed particles depend on the types of forces that dominate a particular system. All dispersed systems are subject to van der Waals forces. The result of fluctuating dipoles, van der Waals interactions between discrete objects composed of the same material are always attractive. These forces can be long ranged: the van der Waals force between two equally sized spheres decays with the square of the separation distance between the particles. Left unabated, van der Waals attractions drive aggregation of dispersed systems. When dispersed particles carry a surface charge, electrostatic repulsion resists the van der Waals attraction and may stabilize against aggregation. Known as the electrostatic double layer force because of the way ions are distributed in the vicinity of charged surfaces, the magnitude of this force decays with a characteristic exponential decay length, known as the Debye length, that depends on the ionic strength of the liquid. In room temperature water, the Debye length is about 9 nm in a 1 mM solution of 1:1 electrolyte and decreases to 3 nm in a 10 mM solution. In systems where electrostatic repulsions are insufficient to prevent aggregation, one may adsorb or graft polymers to the dispersed particle surfaces to take advantage of long range steric repulsions. Their range depends on the solvent quality for the polymer, the mode of polymer attachment to surfaces and the degree of polymerization of the polymer chains. With endgrafted high molecular weight chains, steric repulsions can act over distances exceeding 100 nm. Whereas adsorbed polymers are normally used to impart repulsive steric forces, polymerinduced forces are not always repulsive. Nonadsorbed polymers at high concentrations can induce attractive depletion forces that arise from the distribution of chains in solution around the gap between adjacent particles. These forces act on a length scale similar to the diameter of the polymer random coils in solution. Bridging attraction forces can occur when a single polymer chain can span the gap and adsorb to two particles simultaneously. These and other important forces that control the behavior of complex fluids are discussed at length in the textbook by Israelachvili.
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A hierarchy of length scales is found in a surfactant micelle, where the size and shape of the micelle depends on the length of the hydrophobic surfactant "tail," the width of the hydrophilic surfactant "headgroup" and the distance over which those molecular substructures interact by van der Waals, dipolar or electrostatic forces. There may also be long range forces between micelles. The linkage among forces that act on those mesoscopic length scales ultimately controls the macroscopic physical properties and the application behaviors of the complex fluid that an engineer wishes to manipulate. This could be the viscosity or viscoelasticity of the fluid, its phase behavior, the way that it scatters light, its capacity to solubilize chemical compounds or the way that it coats a surface.
Interfaces
Interfaces are central to our understanding and engineering of complex fluids. The forces that act between dispersed colloidal particles are best understood as acting on the liquidbathed surfaces of those particles. The fluctuating, dynamic interface between a micelle and the continuous solvent phase is where the important interactions that define the existence and structure of the micelle occur. These "buried" interfaces are found throughout the bulk of the fluid. Often, the functional performance of a complex fluid product is based on how the fluid interacts with external interfaces that bound the fluid, such as a metal automobile part that must be uniformly coated by a paint spray or a hydrophobic leaf that must be coated by a pesticide spray. Such fluid products are formulated with surface active molecules specifically because of the way they adsorb and reduce the interfacial tension of external interfaces and thereby control how the liquid will spread and adhere. The existence of an interface means there is a gradient of molecular composition and physical properties. Real interfaces are not mathematical two dimensional constructs: they have finite widths that introduce yet another important mesoscopic length scale.
Persistent nonequilibrium states-The importance of time scales
The length and time scales that matter most in complex fluids are commensurate with those of Brownian motion, with characteristic lengths on the order of tens of nanometers giving diffusive times on the order of microseconds. Comparing these time scales that characterize the Brownian fluctuations within a complex fluid to the time scales over which complex fluid products are applied or stored, which range from seconds to years, it may be surprising to find that these systems often exist far from equilibrium, even in the absence of chemical reactions. In fact, staving off the ultimate equilibrium state is a standard feature of complex fluids engineering. The equilibrium state of a colloidal suspension or emulsion is to be aggregated, which is not normally a useful state. It has been thousands of years since people first learned to use gums or proteins to disperse pigments that normally could not be suspended in a liquid. The added gums or proteins dramatically slowed the rate of particle aggregation: technology now known as steric stabilization. 30 Complex fluid products are commonly formulated and processed to control the composition and structure of organized bulk and/or interfacial assemblies and to produce energy barriers against reconfigurations of system components. The goal in such cases is to trap the system in some metastable state and forestall an undesirable equilibrium state.
In summary, the essence of complex fluids engineering is to engineer the coupling of forces and effects across a hierarchy of mesoscopic length scales, to control the composition and structure of interfaces, and to guide the system into a persistent nonequilibrium state that delivers the intended functional performance of the product that could not be delivered by the complex fluid in its equilibrium state. The primary tools that are available are first, the freedom to specify ingredients from among a vast set of possible solids or liquids to disperse, along with surfactants, cosurfactants, cosolvents, polymers, and/or electrolytes. These are selected to control interfacial forces between the dispersed colloids or assemblies or between dispersed materials and the external surfaces that bound the fluid. Second, one would specify mixing processes and even the order of component addition to guide the system into a desired, often nonequilibrium, state.
Surfactants and polymers for complex fluids engineering
The workhorse molecular components for complex fluids engineering have long been relatively low-molecular weight surfactants and soluble, amphiphilic polymers. Spontaneous adsorption of these molecules to liquid/vapor, liquid/liquid, and solid/liquid interfaces controls the interfacial energy, fundamentally alters interfacial forces and often endows interfaces with their own interfacial rheological characteristics, all of which can be put to good use, for example to prepare a waterbased pesticide emulsion that is stable, can be sprayed and spreads efficiently on a hydrophobic leaf surface with minimal run-off. Molecular surfactants come in a variety of compositions and structures that is not readily matched by polymeric additives. Yet, polymeric additives have some very important features. Adsorbed polymers can exert long-range steric forces between surfaces that very successfully stabilize colloidal dispersions. When polymers adsorb, they establish multiple points of contact with a surface, each with adsorption energy on the order of a few k B T. Because of this multipoint adsorption, they normally adsorb irreversibly and with a tendency for their conformations to reflect their history (meaning that the conformation is path-dependent and therefore not a thermodynamic state property), at least on practical time scales. [31] [32] [33] [34] An adsorbed polymer layer can be rinsed with pure solvent, and little if any will desorb, despite the thermodynamic driving force to do so. Irreversible polymer adsorption frequently creates nonequilibrium conformational states that survive long after changing the fluid composition. Low molecular weight surfactants generally adsorb reversibly. Although they do not normally persist in nonequilibrium states, surfactants acting together with polymers can participate in the formation of a particular nonequilibrium state, and access to a particular state may be dictated by the choice of polymer/surfactant mixture and the manner in which it is processed.
Nanoparticulate polymer brushes as a new form of surfactant
The development of novel chemistries to synthesize nanoparticulate polymer brushes with well-controlled compositions and architectures is beginning to provide a flexibility of molecular design more commonly available to low molecular weight surfactants. 13, 35 They provide surfactant-like flexibility of molecular composition and architecture with engineering benefits of polymers, and as the following discussion will show, of solid particles. Nanoparticulate polymer brushes neatly address those three crucial concepts of coupled length scales, interfaces, and persistent nonequilibrium states. They inherently span multiple important length scales in ways that are easily tunable. The ratio of chain extension to core radius can be manipulated to vary several-fold, by changing environmental conditions such as temperature, pH or co-solvent addition, depending on the material. Chain extension may be made comparable to or far larger than the Debye length for electrostatic interactions that are critical in aqueous complex fluids with charged surfaces.
Nanoparticulate polymer brushes can be designed to have a high affinity to adsorb to interfaces where they spontaneously adopt a packing proximity (another important length scale) that varies widely depending on factors such as the charge or swelling of the brushes. Because of their dual polymeric and particulate nature, once adsorbed to an interface, they tend to remain adsorbed irreversibly. Perhaps most importantly, it is possible to further process those irreversibly adsorbed nanoparticles, for example by rinsing the system with a new solvent composition to intentionally alter the swelling of the grafted chains compared to the swelling state they had when they adsorbed. In this sense, they are not rigidly locked into an immutable nonequilibrium state: important aspects of their conformation can be perturbed significantly, such as the swelling of the grafted chains, while preserving the coarse nonequilibrium state of remaining adsorbed at a particular surface concentration that was dictated by the original liquid composition.
Nanoparticulate Polymer Brushes: PolymerGrafted Nanoparticles Nanoparticulate polymer brushes are structurally similar to self-assembled block copolymer micelles, with a large number of chains emanating from the central core. Normally, block copolymer micelles would disassemble after adsorbing to an interface, 36 and, at least for the purposes of surface modification, would not be considered together with nanoparticulate polymer brushes. However, unusually stable micelles with poly(benzylmethacrylate) cores have been described that remain intact after adsorption and thereby demonstrate interfacial characteristics similar to covalent nanoparticulate brushes. 37 The following discussion will be limited to covalent materials that cannot disassemble as micelles normally would.
Typically, brushes would be formed on colloidal particles by covalently grafting end-functionalized polymer chains or adsorbing amphiphilic block copolymers to the particle surface. As it dictates how strongly the chains are stretched, the grafting density is extremely important. Steric constraints limit the packing density achievable by covalently grafting or adsorbing preformed polymers. Significantly greater grafting densities can be achieved by the method of "grafting from" a particle surface, or surface-initiated polymerization.
1,2,11 For example, silica nanoparticles are well-suited as the core particles. Silane chemistry can be used to couple bromo-ester atom transfer radical polymerization (ATRP) initiating groups to the abundant silanols on the silica surface. The initiatorfunctionalized nanoparticle is then used as a multifunctional nanoparticulate initiator, to grow multiple chains from the nanoparticle surface. Grafting density is controlled by reacting mixtures of bromoester-functionalized silanes and "inert" silanes to control the initiator density on the nanoparticle surface. Grafting densities can reach as large as~1 chain/nm 2 , approaching theoretical limits based on monomer crosssectional areas. Appropriate control of monomer feed composition yields brushes with homopolymer, random copolymer, gradient copolymer, or block copolymer chains (Figure 1 ). Brushes may consist of simple linear chains or chains with oligomeric or polymeric sidechains. They may be nonionic polymers, weak polyelectrolytes with pH-dependent ionization or strong polyelectrolytes with pH-independent ionization.
Nanoparticulate Polymer Brushes: Multiarm Star Polymers and Molecular Bottlebrushes
This group has investigated the interfacial characteristics of multiarm star polymers prepared by an "arm-first" controlled radical polymerization method. 4, 5 Polymer chains that will be the arms of the star polymer have reactive endgroups, containing either vinyl groups to make them macromonomers or ATRP initiator groups to make them macroinitiators. In either form, the macromonomers or macroinitiators are crosslinked by polymerization with a bifunctional monomer such as divinylbenzene. As with the brush-grafted nanoparticles, star polymers with linear homopolymer, random copolymer, gradient copolymer or block copolymer arms or arms with side-grafted chains can be prepared. Stars can contain a single type or two or more types of arms (as in Figure 1e ), the latter being referred to as "miktoarm star polymers."
High Efficiency Emulsifiers
Emulsions, whether they are oil-in-water (O/W), water-in-oil (W/O), or oil-in-oil (O/O) emulsions of two immiscible organic liquids, are thermodynamically unstable. Yet, everyday experience with lotions and similar products teaches us that carefully formulated emulsions achieve shelf-lives of years. The "kinetic stability" of an emulsion is produced by adsorption of emulsifiers, normally surfactants or macromolecules, at the liquid/liquid droplet interfaces that are created as the raw ingredients are mechanically mixed. Emulsion stability is a complex notion. It combines resistance to creamingfighting gravity, together with resistance to Ostwald ripening (a drift in the droplet diameter distribution to larger sizes)-fighting the influence of curvature on chemical potential, and critically, resistance to droplet coalescence-fighting the minimization of interfacial free energy. Important emulsification roles are played by interfacial tension reduction, interfacial mechanical phenomena such as dilatational elasticity, interfacial tension gradient-driven Marangoni flows, disjoining pressures that act across the thin liquid films separating juxtaposed droplets, and viscosity. Formulating and processing emulsion products are complex and provide the basis for entire careers for many chemical engineers and chemists.
Emulsions that achieve multiyear shelf-lives typically require emulsifier concentrations on the order of a few percent to over 10% by weight, often in the presence of viscosity enhancers that not only provide a desired "feel" of a product but also help inhibit droplet coalescence. The last twenty years have seen a resurgence of interest in so-called "Pickering" emulsions 38 that are stabilized not by molecular emulsifiers but by solid particles, as first described by Ramsden. 39 These are routinely stable for months to years with no additives other than the particles and provide opportunities to produce high internal phase emulsions with relatively low viscosities or to produce consumer products without molecular emulsifiers that may be irritants. 40, 41 The benefits of emulsion stabilization by adsorption of particles at the liquid/liquid droplet interfaces even extend to the unusual case of water-in-water emulsions in aqueous two phase systems. 42, 43 Whether based on particulate or molecular emulsifiers, emulsions with shelf-lives of months to years typically require emulsifier concentrations on the order of 0.1 to 1 wt % (typical for Pickering emulsions) or 1-10 wt % (typical for molecular emulsifiers). With no other additives, nanoparticulate polymer brushes can produce emulsions that are stable against coalescence for months to well over a year using concentrations as low as 0.005 wt %. 13 This is an important distinction because emulsifying systems usually exhibit critical emulsification, whereby decreasing emulsifier concentration beyond a minimum threshold does not simply decrease the total oil/-water interfacial area generated in the emulsion; rather, emulsification fails, yielding only unstable emulsions that rapidly phase separate. 41, 44 Producing stable emulsions using orders of magnitude lower emulsifier concentrations than normal suggests many opportunities for economic efficiency or for avoiding potentially undesirable interactions between emulsifiers and active ingredients in an emulsion.
iron nanoparticles to entrapped pools of sparingly soluble dense nonaqueous-phase liquid (DNAPL) toxic contaminants, especially trichloroethylene (TCE), in aquifers. This requires nanoparticle transport in the flowing aquifer with minimal adhesion to aquifer solids en route. 22, 45 The key was grafting amphiphilic, anionic polyelectrolyte brushes-these would inhibit nanoparticle aggregation, adhesion to mineral surfaces and natural organic matter and would cause the nanoparticles to adsorb to the DNAPL/water interface. The simplest way to test the latter, ex situ, was to shake a 1:1 mixture of TCE and water containing a small concentration of polymergrafted nanoparticles and check whether an emulsion would result. The first trial was simply a test of the grafted polymer chemistry, without zero-valent iron, and involved poly(styrene sulfonate) brushes grafted by surface-initiated ATRP from silica nanoparticles (Si-PSS). This simple experiment produced high-internal phase emulsions (>80 vol % TCE dispersed in water) that were stable for over 6 months using Si-PSS concentrations as low as 0.04 wt % (in the aqueous phase, or 0.02 wt % in the overall emulsion), which was about 5 times lower than any reported particulate emulsifier concentration, using no other surface active materials besides the grafted nanoparticles. 10 In this and other systems examined by this group, the structural key to high efficiency emulsification was the tethering of multiple densely packed chains from a particulate core. Neither the corresponding bare nanoparticles nor the free polymer chains were successful emulsifiers. Furthermore, in all systems examined, the nanoparticulate polymer brushes were efficient surfactants at the oil/water interface, yielding interfacial tension reductions as large as 20-30 mN/m at concentrations of 0.001-0.05 wt %. [10] [11] [12] 14, 46 Silica nanoparticles with the weak polycation poly (2-[dimethylamino]ethyl methacrylate) grafted from their surfaces (Si-PDMAEMA) are interesting because of their pHdependent thermal responsiveness. PDMAEMA has a pHsensitive lower critical solution temperature (LCST) in water. Accordingly, aqueous Si-PDMAEMA suspensions exhibit a critical flocculation temperature (CFT) that decreases from nearly 100 C at pH 7 to~40 C at pH 9.5. The emulsifying efficiency depended on the Si-PDMAEMA grafting density and was greater at temperatures below the critical flocculation temperature. Cyclohexane-in-water and xylene-in-water emulsions that were stable against coalescence for 6 months to over 13 months and contained~50-80 vol % dispersed oil phase were prepared using as little as 0.05 wt % Si-PDMAEMA in the aqueous phase (corresponding to 0.025 wt % in the overall emulsion). These emulsions were thermally responsive. Stable emulsions broke abruptly upon heating above the CFT of the aqueous suspension (Figure 2 ). Such thermal responsiveness may be useful for mobilizing and subsequently releasing hydrocarbons for environmental remediation purposes.
It is rare for any commercially significant complex fluid product or natural complex fluid to contain a single type of surface-active or self-assembling component, and the practice of formulation engineering frequently exploits strong multicomponent interactions to achieve new performance traits. Mixtures of polymers and surfactants are common, and complexation, competitive co-adsorption and cooperative coadsorption are prominent processes in these fluids. Strong polymer/surfactant interactions are used to achieve nonequilibrium structures of mixed self-assemblies in solution or for polymer deposition or surface conditioning effects, for example.
34,47-52 Accordingly, surfactants are useful for tuning nanoparticulate polymer brush interfacial properties.
Si-PDMAEMA forms complexes with the anionic surfactant sodium dodecyl sulfate (SDS) in aqueous solution. At low SDS:Si-PDMAEMA ratios, electrostatically driven complexation decreases the net charge of the complex, and dangling dodecyl tails render it more hydrophobic. Cooperative binding driven by hydrophobic association among dodecyl tails with increasing addition of SDS reverses the net charge of the complex and restores a more hydrophilic character. This complexation creates a rich landscape for tailoring emulsification. Adding small SDS concentrations to a Si-PDMAEMA suspension was found to synergistically enhance emulsification efficiency for cyclohexane-in-water and xylene-in-water, even though SDS by itself did not yield particularly stable emulsions. 53 Synergism resulted from the increased hydrophobicity of the complex. While small SDS concentrations promoted emulsification, larger concentrations favored deemulsification. Stable emulsions formed with Si-PDMAEMA in the absence of SDS were broken by its addition. In that case, the presence of excess SDS and hydrophilic, charge reversed complexes left the oil/water interface dominated by an adsorbed SDS monolayer rather than adsorbed complexes that better resist emulsion coalescence. As with many complex fluid systems, dramatic behavioral differences appear within narrow composition windows.
Nonionic multiarm star polymers with~67 poly(ethylene oxide) chains per star, each with molecular weight of 2000 ("PEO stars"), are also highly efficient emulsifiers, producing xylene-in-water or cyclohexane-in-water emulsions with several month stability at concentrations as low as 0.01 wt % (based on overall emulsion). 12 More hydrophobic miktoarm stars containing both PEO and poly(butylacrylate) arms produced water-in-xylene emulsions, regardless of whether the stars were initially dispersed in water or in xylene. Favoring water-in-oil, rather than oil-in-water, was consistent with the greater hydrophobicity of those miktoarm stars. Emulsifier concentrations as low as 0.005 wt % (based on overall emulsion) were effective-the most efficient nanoparticulate brush emulsifier yet observed. 13 Heterografted bottlebrush polymers with PEO and PBA side chains were similarly efficient emulsifiers, producing highly stable water-in-xylene emulsions at Figure 2 . The creamed xylene-in-water emulsion at left had an overall 1:1 volume ratio of xylene to water and was stabilized by Si-PDMAEMA polyelectrolyte grafted silica nanoparticles. All of the xylene was emulsified. Heating the emulsion to 50 C, above the Si-PDMAEMA critical flocculation temperature, caused rapid droplet coalescence and complete phase separation.
concentrations as low as 0.005 wt %, depending on the bottlebrush composition. 54 Analogous PEO-PBA linear diblock copolymers also produced emulsions but required significantly higher concentrations. This further illustrates the importance of tethering a large number of chains to a central core in order to achieve high efficiency emulsification.
PEO solutions in water exhibit a LCST. PEO stars exhibit a CFT in water that is generally less than the linear polymer LCST due to chain configurational entropy differences. The PEO star CFT can be tuned by addition of kosmotropic electrolytes. Emulsions stabilized by PEO stars are thermally responsive, but in a way that differs from Si-PDMAEMAbased emulsions. Rather than triggered deemulsification, these exhibited thermally triggered changes in rheology caused by an abrupt change in the emulsion microstructure. 12 Emulsions prepared at room temperature consisted of independent, nonflocculated droplets. Heating such an emulsion above the CFT induced droplet flocculation, but not coalescence. Droplet flocculation persisted after cooling back to room temperature, and this droplet networking significantly increased both the viscous and elastic moduli of the emulsion relative to the initial state. The thermally processed emulsion behaved as a weak gel at room temperature. Meanwhile, emulsions that were initially prepared by homogenization above the CFT, and then cooled, yielded neither droplet flocculation nor significant changes in rheology relative to emulsions prepared and maintained at room temperature. This is another illustration of complex fluid processing to manipulate persistent nonequilibrium states. It was proposed that the thermally triggered flocculation and rheological effects were caused by thermally enhanced adsorption of free PEO stars into interfacial void space that had been opened up by chain collapse of the initially adsorbed PEO stars upon heating. 12 Pickering emulsions prepared with ordinary particles generally follow the behavior where the preferred emulsion type (i.e., production of either a water-in-oil or an oil-in-water emulsion for a 1:1 ratio of water to oil in the sample) is predicted by the particle wettability. Particles preferentially wetted by water produce the oil-in-water preferred emulsion type, and vice versa. 55 This is well explained by interfacial curvature effects. Nanoparticulate polymer brushes follow analogous trends, whereby the liquid that is the better solvent for the chains becomes the continuous phase (brush water solubility favoring water-continuous emulsions). Emulsions stabilized by nanoparticulate polymer brushes deviate from normal Pickering emulsion tendencies, however, with respect to catastrophic inversion. Frequently observed in Pickering emulsions, this is the inversion of an emulsion from its preferred emulsion type to the opposite type by incorporation of increasingly large fractions of the normally discontinuous phase (e.g., incorporating more oil above some threshold amount inverts from oil-in-water to water-in-oil). 41, 56 Neither Si-PDMAEMA nor PEO stars exhibit catastrophic inversion of emulsions, suggesting opportunities for robust emulsion formulations that retain their O/W or W/O type for large variations in liquid content.
Prospective for Nanoparticulate Polymer Brush Emulsifiers
The fundamental origins of high emulsification efficiency are the subject of ongoing research, as is the identification of underlying structure-function rules that would yield a more rational design of nanoparticulate polymer brush emulsifiers.
All systems examined so far produce large interfacial tension reductions on the order of 10-30 mN/m at bulk concentrations below 0.05 wt %. [10] [11] [12] 14, 57 In fact, for purposes of the efficiency of interfacial tension reduction alone, aside from their utility as efficient emulsifiers, nanoparticulate polymer brushes would be competitive with nonionic molecular surfactants in terms of their ability to significantly reduce interfacial tension at very low concentrations. However, interfacial tension reduction alone is insufficient to explain nanoparticulate brush emulsifying efficiency.
Fundamental interfacial behaviors are being compared for efficient nanoparticulate brush emulsifiers and their corresponding free polymers. Compared to linear PEO chains, multiarm PEO stars tend to adsorb to significantly greater surface concentrations at fluid, as well as solid/liquid, interfaces. 14, 58 They produce correspondingly greater interfacial tension (σ) reduction, but the differences there are not strong. The sharpest distinction is in the dilatational elastic modulus, E = dσ/ dlnA, which captures the resistance to a uniform increase in surface area A. Increasing this modulus correlates with increasing emulsion stability, as it influences the mechanics of droplet formation under shear and deformation prior to quiescent coalescence. PEO stars produced elastic monolayers with moduli on the order of 10 mN/m (at 0.05-1 s −1 frequencies in dynamic oscillatory tensiometry measurements), while linear PEO produced no detectible modulus despite producing similar interfacial tension reduction (Figure 3 ). 14 The difference was attributed to the greater conformational flexibility of linear PEO that allows it to freely adapt its conformation and maintain a constant degree of interfacial penetration, and thus, interfacial tension in response to surface area expansion or compression. By the proposed mechanism, the dense packing of PEO chains in multiarm stars hinders these relaxations with the result that interfacial tension must increase or decrease with areal expansion or compression. Linear PEO is a poor emulsifier and is clearly distinguished from the efficient PEO star emulsifiers by its dilatational modulus. Despite this observation, the existence of a significant dilatational modulus, or the relative magnitudes of the moduli produced by different emulsifiers, are not sufficiently predictive of the relative emulsification efficiencies of different emulsifiers.
Adsorbed Si-PDMAEMA layers also have significant dilatational moduli, but so do adsorbed layers of linear PDMAEMA, which is a poor emulsifier. 46 The key predictive differences are proposed to more likely reside in the way in which the modulus changes in response to compression or expansion: Does the layer stiffen in response to compression, as shown by PEO stars in Figure 3b , or does it yield? How strong are energy barriers against nanoparticulate polymer brushes being expelled from the interface during an interfacial distortion?
Responsive Tribology: Switching Between Adhesive and Lubricious Surface Contacts
The lubricating properties of cartilage and synovial fluid in joints is a source of fascination and inspiration to tribologists. The low friction and robust wear resistance of joints has motivated fundamental investigations of the tribology of heavily glycosylated biolubricant chains, such as lubricin, as well as biomimetic synthetic analogues. 59, 60 Tribologists seek not only to understand biolubrication but also to duplicate it in technological settings. 61 The key biolubricant feature is a mucin-like bottlebrush structure. This prompted the measurement of friction between two surfaces that each displays a wellcontrolled planar polymer brush. Experiments reveal that under good solvent conditions, interpenetration of opposing polymer brushes is limited and the friction force for a given load, typically represented by a dynamic friction coefficient, is far smaller than that displayed by a bare surface. 62, 63 Friction coefficients as low as 0.001 are reported for sliding contacts between brush-coated surfaces, while friction coefficients on the order of 0.1-1 would be more typical, depending on what lubricant system is in place. Low brush friction is credited to weak chain interpenetration under normal and shearing forces and the preservation of mobile solvent in the contact region. 64, 65 Polyelectrolyte brushes are particularly effective, as counterion osmotic pressure effects make them even more resistant to interpenetration, requiring greater loads to experience degrees of interpenetration similar to a nonionic brush. When brushes are prepared from responsive polymers, stimulus-triggered changes in friction can be observed. 66, 67 While grafted planar brushes are ideal platforms for fundamental research, they do not lend themselves well to technological application. Seeking a technologically translatable biomimetic strategy, researchers have measured friction between adsorbed layers of nanoparticulate polymer brushes or bottlebrush polymers of various designs. Their ease of use by physisorption is technologically appealing. Furthermore, as forces imposed by brushes scale with grafting density, and conventional means of producing brushes often yield only modest grafting densities, the ability to achieve extremely high grafting density in bottlebrush polymers and nanoparticulate polymer brushes may be advantageous. Their adsorption is analogous to building a high grafting density, but heterogeneous, brush. Such adsorbed layers can indeed yield very low friction coefficients. 68, 69 While it may prove difficult to surpass the low friction coefficient performance of a well-built planar brush, adsorption of nanoparticulate polymer brushes to solid surfaces offers opportunities for more varied responsive boundary lubrication behaviors. Nanoparticulate brushes provide a mechanism for achieving a greater dynamic range in triggered frictional responses than planar brushes. The strategy developed by this group takes advantage of the ability of adsorbed brush-grafted nanoparticles to be processed in persistent nonequilibrium states in order to switch between lubricious and adhesive contacts. This was demonstrated for Si-PDMAEMA adsorbed to silica surfaces.
Simulations suggest that when high grafting density nanoparticulate polymer brushes adsorb to a surface, their conformation is only modestly perturbed. The extent of perturbation depends on the number of chains per brush and the strength of attraction to the surface. 70 Adsorption of nanoparticulate polymer brushes creates a highly heterogeneous surface with localized regions of extremely high chain density separated by interparticle voids, with the void fraction dependent on the strength of lateral repulsions among the nanoparticulate polymer brushes. 71, 72 Because of their pH-dependent degree of ionization, both the normal force of attraction to a negatively charged silica surface and the lateral force of repulsion among neighboring Si-PDMAEMA brush-grafted nanoparticles are highly pH-dependent. 72 The result of competing forces of attraction and repulsion is that the extent of adsorption is extraordinarily pH-sensitive, with a strong maximum in surface concentration in a narrow window around pH 9 where chains are weakly charged (Figure 4 ). This pH-dependence has been exploited to turn on or off bridging contacts between opposing surfaces for the purpose of responsive friction control with a high dynamic range. 18 Bridging refers to the situation where a single entity, in this case a Si-PDMAEMA brush-grafted nanoparticle, can simultaneously adsorb to both surfaces across the gap between them. It only occurs when there is sufficient empty space on the surfaces.
Thus, when Si-PDMAEMA was adsorbed at low pH near 5, where the chains are highly charged, the adsorbed brushgrafted nanoparticles were rather far apart, and chains easily bridged the gap between opposing surfaces. This resulted in strong adhesion and the large friction coefficients shown in Figure 4 . (Note that a highly charged, dense planar polyelectrolyte brush would yield very low friction and no adhesion under these conditions of strong brush charging.) When Si-PDMAEMA was adsorbed near pH 9, the weakly charged brushes still produced bridging, yielding finite adhesion and significant friction, which tends to correlate with adhesion. However, if Si-PDMAEMA was first adsorbed at the higher pH, then rinsed at a lower pH, nearly all of the brush-grafted nanoparticles remained adsorbed at the amount expected for higher pH. Most importantly, the chains swelled dramatically and the voids between adjacent Si-PDMAEMA were blocked. This prevented adhesion and yielded low friction. In this way, the system was switched between adhesive contacts with friction coefficients that exceeded the friction experienced by bare silica surfaces to nonadhesive contacts with friction coefficients much lower than bare silica, and approaching those achieved by uniform planar brushes.
Prospective for Nanoparticulate Polymer Brush Tribology
The general simplicity of achieving significant boundary lubrication by adsorption from a dilute suspension suggests the use of nanoparticulate polymer brushes in lubricants. The ones described here would be appropriate for water-based lubricants, but oil-based systems would simply require the choice of different polymer compositions to be compatible with the oil. This technique of tuning adhesion and friction by enabling or preventing brush-grafted nanoparticle bridging was also successfully demonstrated by the creation of noncovalently associated multilayers of Si-PDMAEMA and PEO stars 17 and also by controlled electrostatic complexation of adsorbed Si-PDMAEMA with SDS surfactants. 73 The opportunity to use the thermal responsiveness of these or similar nanoparticulate polymer brushes to switch bridging on or off has yet to be examined but would appear likely to succeed. With several method variants to produce tribological switching by controlled bridging, an option that is not available with dense planar brushes that do not open up void spaces when they are collapsed, the tribology of nanoparticulate polymer brushes is the subject of ongoing research. Their special switching capacity may find use in switchable pressure-sensitive adhesives, or one may envision a clutch mechanism for a micromechanical device. Figure 4 . (a) Si-PDMAEMA adsorption to silica is highly pH-sensitive, with a sharp maximum in surface excess concentration Γ at pH 9, the magnitude of which depends on the concentration of NaCl background electrolyte. (b) Direct adsorption at pH 5 where chains are highly charged and swollen, but nanoparticles are spaced far apart, yields a large friction coefficient μ (slope of friction force vs. normal force). Direct adsorption at pH 9, where chains are weakly charged and nanoparticles are more tightly packed on the surface, still yields a large friction coefficient because bridging is still possible. Adsorbing at pH 9 and then swelling the chains by rinsing to more acidic pH fills the interparticle gaps, prevents bridging and yields a small friction coefficient typical of planar polyelectrolyte brushes. 
Outlook
Compared to the vast literature and sizable catalogs of surfactants and conventional polymers available for application and fundamental complex fluids research, nanoparticulate polymer brushes represent a tiny, nascent field of research. They are a novel class of surface-active agents and promise a fascinating territory for fundamental studies of their basic interfacial behaviors. Understanding how surfactant and polymer molecular structure dictate their function as agents for surface modification has produced thousands of research articles and continues to generate important new fundamental and applied research studies. Perhaps, the perspective offered here will motivate the development of novel nanoparticulate brush architectures for use and study, along with increasingly insightful ideas for their application and increasingly deep probing into their fundamental interfacial behaviors and structure/function relationships. Hybrid nanomaterials that share the key characteristics of a central core tethering a large number of polymer chains may come in many different forms. For example, polymer-grafted protein conjugates can be designed for bioactive systems 74, 75 or polymer-grafted cellulose nanocrystals can be produced that suggest high value added applications for renewable feedstocks diverted from waste streams. 76 Additional considerations would be warranted when considering applications. For example, toxicity evaluation would be needed before using nanoparticulate polymer brushes as emulsifiers for pharmaceutical or cosmetic emulsions. The choice of a conventional or nanoparticulate brush emulsifier may depend on material costs. Currently, there are no commercially available nanoparticulate polymer brushes, but the formulation decision should be influenced by the potential to use several orders of magnitude less emulsifier in any formulation based on the nanoparticulate polymer brushes. As there is consumer and regulatory pressure for biodegradable surfactants, biodegradation studies may be warranted when considering such materials in consumer products. Evidence does exist for the biodegradability for PEO stars, 77 but this remains to be determined for other nanoparticulate polymer brushes.
